1. Introduction {#sec1}
===============

Dissolved metals in the water can be removed from the water by adsorption on suspended particulate matter, phytoplankton uptake and later deposition of particulate organic/inorganic matter to the deeper water column and finally to the seafloor, where it can be sequestrated or recycled back to the water column; for example, see: Mercury ([@bib36]), Cadmium ([@bib70]; [@bib22]), Lead ([@bib17]; [@bib23]). Also, they can be removed/recycled via the atmosphere in the gaseous phase, rain scavenging ([@bib26]; [@bib53]) and snow ([@bib59]) or in the emulsion as a spray back to coastal areas. Removal from the oceans also occurs through captured fish species of the third and higher trophic level, especially as any type of edible predator fish such as tunas (*Thunnus alalunga, T. obesus, T. albacares, Katsuwonus pelamis*, etc.), swordfish (*Xiphias gladius*), mahi-mahi (*Coriphaena hypurus,* [@bib3]). A recent review ([@bib36]) evaluated the fate of Hg in coastal and oceanic waters finding that anthropogenic inputs are much larger than natural ones in some areas, especially in coastal waters from where the metals are redistributed and disseminated by tidal and littoral currents (e.g., [@bib47]). Cadmium is a trace metal whose vertical and horizontal follow similar patterns as micronutrients, particularly as phosphate and nitrate ([@bib54]); its concentrations are very low on the ocean surface due to phytoplankton uptake ([@bib72]; [@bib40]). This metal has equally a biogeochemistry largely affected by anthropogenic activities since the industrial revolution due to fuel-burning and non-ferrous metal extraction ([@bib22]), like Hg ([@bib36]). Lead does not have any biological benefit. On the contrary, it is highly toxic, and its oceanographic content and biogeochemistry has been accelerated up by the industrial revolution ([@bib23]).

Many elements, such as Hg, Cd, and Pb are bioaccumulated through the food chain ([@bib65]) from the bottom (phytoplankton) to top levels (predator) of the trophic chain, even though there is no clear biological role ([@bib51]; [@bib72]). This bioaccumulation would depend basically on water body location where fish grow, age, species and tissue (muscles, liver, etc.) where there is higher bioaccumulation. For example, principally they tend to be in the muscles or fillets, which are the most edible and preferable part of fish. There are many possible health risk implications consuming some fish species with high concentrations of these and other metals ([@bib19]; [@bib11]; [@bib4]; [@bib31]). Many countries have alerts on these risks ([@bib43]); however, the population generally does not take into consideration this fact ([@bib16]; [@bib63]; [@bib32]; [@bib29]; [@bib35]). One of the sea fish species that can accumulate an important amount of these heavy metals are tunids, especially large ones, like albacore (*T. alalunga*), yellowfin (*T. albacares*), bigeye (*T. obesus*), blue fin (*T. thynnus*), in part because they filtrate an enormous amount of phytoplankton and predate lower levels of the trophic chain. The [@bib32], one of the most informed seafood quality control agencies, reports Hg average content of samples from 1990 to 2012 content of a whole range of species. It reported the highest amount of Hg averaged 1.45 mg kg^−1^ for Tilefish (Mexico), followed by Shark and Swordfish (0.995 mg kg^−1^) whilst the lowest is reported for scallop/shrimp (0.001 mg kg^−1^). Tuna species (fresh, frozen, and canned) have registered Hg concentrations from 0.689 (bigeye) to 0.128 mg kg^−1^ (all species canned light); however, [@bib20] have reported concentrations up to 0.929 and 0.668 mg kg^−1^ for bigeye tuna. For Cadmium and Lead, 0.06 ± 0.01 and 0.32 ± 0.03 mg kg^−1^ respectively for yellowfin ([@bib28]); and 0.02 ± .01 and 0.10 ± 0.03 mg kg^−1^ for blue fin (*Thunnus thymus*), in the same order ([@bib66]). More recently, [@bib73] have reported a review on these metal concentrations in different for marine genera: Caranx, Scomberomorus, Epinephelus, Euthynnus, Lutjanus, and Megalops.

Recent evaluation of fish consumption finds that seafood is providing 20.5 kg/year per capita ([@bib31]), of this roughly 55% comes from the sea (the rest from continental fishing and aquaculture/mariculture). Tuna is about 7% of the total fish capture and growing. Ecuador is the second most important country producing tuna products, especially in cans and pouches. A few years ago, Ecuadorian canning plants were processing around 200 thousand metric tons (mt) of raw tuna; nowadays this volume is well above 476 thousand mt (2015: 482 4489; 2016: 471 423 and 2017: 477 113 mt; [@bib38]) with a value of over 1.108 billion US dollars. Of this, nearly 66 % is exported to EU, 8.7 % to the USA and the rest to many countries and/or for national consumption ([@bib7]). Therefore, the tuna canning industry including its fisheries is a real economic-social matter. Hence, for Ecuador, the tuna industry must be aligned to quality and food safety. The present work tries to research the concentrations of Hg, Cd, and Pb in canned tuna produced in Ecuador in the period 2009--2016, their behaviour over time and how they could interrelate between them. As well, it strives to explain such findings in terms of the oceanographic conditions of the eastern Pacific where the tuna processed in Ecuador is generally caught.

2. Materials and methods {#sec2}
========================

2.1. Local sample collection and preparation {#sec2.1}
--------------------------------------------

Most of the data analyzed in this study came from the quality and product safety certificates issued by INP laboratories (ISO/IEC 17025 certified) which included measures of Hg, Pb and Cd concentrations. The products registered in the certificates were canned fish (solid, chunks and flake form in water or oil), pre-cooked frozen loins and few samples of fresh fish. Two thousands five hundred seventy-two samples were collected and analysed in the period 2009--2016. The sampling was executed on batch production basis, which allows traceability of the tuna right down to where it was captured to the can and even to who it was sold. These samples included canned and pre-cooked tuna loins tuna. The samples were taken from the canneries and mainly included species such as skipjack (*Katsuwonus pelamis*), yellowfin (*Thunnus albacares*), and big eye (*Thunnus obesus*) tuna captured by Ecuadorian and other countries fleets that operate in the eastern Pacific international waters and within their EEZ. Ecuadorian fleet mainly captures Skipjack tuna and it makes up \>50 % of the raw material, followed by yellow fin and big eye. Besides, canned tuna samples (9 samples in total, 5 main brands), were purchased at random from local store shelves located in Guayaquil (Ecuador), which is the city of Ecuador with one of highest tuna consumption rates. Before being taken to the laboratory, labels from cans were removed and they were coded. Then, samples were transported to laboratory and stored in a clean dry area. Before executing analysis for each sample, oil or water was drained from the canned tuna and submitted to analysis. All the samples contained only white muscular tissue (fresh loins); the muscles tend to accumulate the highest concentrations of these metals ([@bib12]; [@bib5]; [@bib61]). Since no differences has been found between canned and fresh tuna regarding Cd ([@bib34]), therefore, the study of canned and pre-cooked loins samples would represent fresh tuna loins as well.

2.2. Laboratory analysis {#sec2.2}
------------------------

### 2.2.1. Mercury {#sec2.2.1}

It was determined by microwave digestion/cold vapor atomic absorption spectroscopy ([@bib50]; [@bib30]). A standard calibration curve (0.0, 2.5, 5.0 and 10 μg \[Hg\] dm^−3^) was prepared in 10 cm^3^ of acid mixture (1.5% HNO~3~ and 1.5% H~2~SO~4-~). The sample preparation consisted in weighing 0.25 ± 0.05 g wet weight in the Teflon cups of the microwave, then 10 cm^3^ of 65% concentrated nitric acid were added. The stannous chloride dehydrate was used as the reducing solution. The wavelength used for Hg was 253.7 nm. Measurement was made by atomic absorption spectrophotometer (cold vapor) Varian SpectrAA (model 220z/220fs, see <http://photos.labwrench.com/equipmentManuals/17060-6201.pdf>). The SPECTRAA program was used for the calibration curve and gave results automatically.

### 2.2.2. Cadmium and lead {#sec2.2.2}

The determination method used was the [@bib8] Official Method 999.10. for Lead, Cadmium, Zinc, Copper, and Iron in food and determined by atomic absorption spectrophotometry, Pb and Cd were determined by graphite furnace (GFAAS), with appropriate background correction. Analyte range using GFAAS are ≥0.1 mg kg^−1^ for Pb and ≥0.01 mg kg^−1^ for Cd. Cd calibration plot (0, 1, 3, and 5 μg \[Hg\] dm^−3^) and Pb calibration plot (0, 50, 100 and 200 μg \[Hg\] dm^−3^) were prepared in 0.2% HNO~3~ and samples were diluted 1:4. It was weighed 0.2--0.5 g of wet material into digestion vessel. The digestion principle consisted on getting HNO~3~ and H~2~O~2~ under pressure in a closed vessel heated by microwaves. Then, the digestion vessels were taken out for cooling after the process. For dilution, H~2~O was used. The wavelengths used for Pb and Cd were 283.3 nm and 228.8 nm, respectively.

Calibration reference material used the homogenate fish standard from the IAEA Reference Products for Environment and Trade: IAEA-407 (<https://nucleus.iaea.org/sites/ReferenceMaterials/Pages/IAEA-407.aspx>) which is a standard made from mainly a pelagic fish as herring (Scombridae family), but the sample material also contained capelin and anchovy. Also LUST-1 and TORT2 were used. Reagent blanks, fortified (spiked) samples, recovery tests were in the order 100 ± 20%.

In general, when higher than allowed standard concentrations were obtained, stricter re-sampling process was made, all analytical parameters were reviewed, and analysis remade; thus, the initial value was validated or refused.

2.3. Statistical analyses {#sec2.3}
-------------------------

A database was built from the INP records of Quality Certificates, getting a record of 8 years (2009--2016) and input it to Excel software. Descriptive statistics (mean, standard deviation, range, correlation equations) were obtained using this software. Four different approaches were made: 1) scatter graphs plotting the heavy metals data per sample against time, 2) distribution graphs plotting the heavy metal data (transformed using normal probability density formula, not shown), 3) the mean concentration levels of heavy metals in tuna plotted (boxplot) per year of record, 4) correlations between Hg (assumed as independent variable) and Cd and Pb were researched year by year to analyze the possible relationship between them.

3. Results and discussion {#sec3}
=========================

Ecuador processes mostly light tuna skipjack followed by yellowfin for canned products, and bigeye and yellowfin for pre-cooked loins according to the records examined. The main products: canned tuna can be solid, chunks or flake form in water or oil. Pre-cooked loins of yellowfin and bigeye are also processed.

Mercury, Cadmium and Lead concentrations (wet weight basis) from 2009 to 2016 did not show a specific pattern in time, however, the tendency was to show a slight decline in that period ([Figure 1](#fig1){ref-type="fig"}). The range values were 1.490 - 0.021, 0.210 - 0.007 and 0.920--0.026 mg kg^−1^ respectively. On the other hand, the average concentrations for the whole studied period were 0.23 ± 0.14; 0.032 ± 0.027 and 0.058 ± 0.051 mg kg^−1^ in the same order ([Table 1](#tbl1){ref-type="table"}). The concentration tendency was to decrease in time for the studied period, it could be ascribed to the constant increase of skipjack tuna captures in the eastern Pacific, whose reported volumes in 2009 were 239 408 metric tons (mt) while in 2016 were 342 579 mt ([@bib38]), therefore an increased volume of this tuna species in Ecuadorian canneries. Skipjack tuna has been reported to have in general lower Hg than albacore (*Thunnus alalunga*) or white-style tuna (0.407 mg kg^−1^; [@bib15]); meanwhile [@bib69] reported that bigeye tuna (*Thunnus obesus*) has a higher concentration (0.139 mg kg^−1^) than skipjack (0.04 mg kg^−1^), because the latter feeds mainly on invertebrates whilst the former is piscivorous. Another plausible reason for the tendency is improvement over the years in the handling practices during initial refrigeration-freezing using brine on the boat. When the freezing process is better controlled the tuna is not permeated by the freezing brine, that could have up to 25% sea salts which include metals and other elements. It is accepted knowledge in the tuna industry that good handling practices on board the fishing boats ([@bib18]) maintains the tuna with almost with its natural content of NaCl of around 0.3%, whilst poor procedures ([@bib48]) could render salt a variable content up to 8 % in the tuna loins.Figure 1Behavior of Hg, Cd, and Pb concentrations in tuna during the studied period. Norms for Mercury (1 mg kg^−1^), Cadmium (0.1 mg kg^−1^) and Lead (0.3 mg kg^−1^) are represented with thin red lines in accordance with: European Union, Maximum content in Heavy Metals in food products, [@bib29].Figure 1Table 1Summary of the concentration (mg kg^−1^) averages (±1SD) of Hg, Pb and Cd in canned tuna per every year of the studied period. Data source: INP.Table 1YearSamplesHgCdPb2009**34**0.30 ± 0.0162010**759**0.20 ± 0.150.034 ± 0.0310.064 ± 0.1172011**562**0.27 ± 0.180.040 ± 0.0300.046 ± 0.3002012**377**0.26 ± 0.180.021 ± 0.0110.038 ± 0.0052013**377**0.25 ± 0.170.032 ± 0.0370.060 ± 0.0402014**294**0.20 ± 0.110.044 ± 0.0390.093 ± 0.0722015**89**0.21 ± 0.110.026 ± 0.0112016**80**0.14 ± 0.082009--2016**2572**0.23 ± 0.140.032 ± 0.0270.058 ± 0.050**Limits1.000.10.3**[^1]

It was attempted to find the type of statistical distribution using normal probability density formula and correlation analysis for the whole period and individual years per metal. There were no distributions that fit the data, the curves found were mainly biased to the right without any consistency. The correlation analysis did not show any significant statistical pattern in time (per year).

[Table 1](#tbl1){ref-type="table"} shows the average concentrations of the three metals studied in the period 2009--2016. Mercury showed consistently the highest levels and its averages were in the range of 0.14 (2016) to 0.30 (2009) mg kg^−1^, followed by Lead with 0.038 (2012) to 0.093 (2014) mg kg^−1^ and Cadmium: 0.021 (2012) -- 0.044 (2014) mg kg^−1^. The box plot graphic depicted in [Figure 2](#fig2){ref-type="fig"}, shows around 50 outliers in eight-year period with a tendency to decrease in numbers in time, thus in 2010 from 15, 7 and 5 for Hg, Pb and Cd, in 2016 to only 3, 0 and 0 respectively. All outliers were skewed to the right, nonetheless all of them within the permissible limits, except 8 that belong to Cadmium. The declining number of outliers and skewness to the right of the data distribution would go along to what said above about the improvement of on boat freezing practices. It is also shown that the concentration order is Hg \> Pb \> Cd in every year, and they are statistically significant well below the limit of the norm. The sequence of concentrations has been generally reported for tuna ([@bib41]; [@bib67]; [@bib2]). On the other hand, the samples obtained from the store shelves of different popular distribution points in Guayaquil-Ecuador rendered values of mercury: 0.043 ± 0.004 mg kg^−1^; cadmium: 0.012 ± 0.002 mg kg^−1^; lead \< dl (0.01 mg kg^−1^), which were below 5.75, 2.6 and 5.8 times than the average of the archival data, and much less than allowable concentrations.Figure 2Annual average concentration of Mercury, Lead and Cadmium in tuna products from Ecuador. The safety limits are indicated by the blue (Hg), green (Pb) and red (Cd) lines. Data source INP.Figure 2

The concentrations reported here are similar to previously published papers; thus, for example, [@bib41] reported for Hg: 0.043--0.253; Pb: 0.0366 mg kg^−1^, and Cd: 0.0046--0.0720 mg kg^−1^ in canned tuna from the Persian Gulf. In a similar study, [@bib39] registered ranges of 0.020--0.739, 0.000--0.050 and 0.00--0.030 mg kg^−1^ (ww) in the same order from samples collected in US supermarkets; where most of the canned tuna is imported from Thailand, Ecuador, Indonesia, and the Philippines ([@bib14]). [@bib71] registered concentrations averaging 0.29, 0.18 and 0.40 for Hg, Cd, and Pb from tuna captured in Libya Mediterranean coasts, respectively. Also, [@bib2] reported concentrations of Hg, Cd, and Pb in canned tuna (skipjack and yellowfin) sold in Tripoli market. These levels were well under permitted ones; thus, the lowest values for Hg were 0.163 ± 0.122; Cd: 0.027 ± 0.026, and Pb: 0.075 ± 0.071 mg kg^−1^. However, they reported a higher concentration for fresh little tunny (*Euthynnus alletteratus*), 1.185 ± 0.968 mg kg^−1^ of Hg; this tuna is from the Mediterranean Sea.

The averages reported here are around 4.4 (Hg), 5.17 (Pb) and 3.1 (Cd) times below the accepted limits for human consumption, which have been issued or promulgated by the Commission Regulation (EC) no. 1881/2006 ([@bib29]), or the FDA (USA). Also, the [@bib32] reports that from 1993 to 2010, the average of Hg concentration for different types of tuna were: 0.350, 0.391, 0.358, 0.689, 0.144 and 0.354 (mg kg^−1^) for canned Albacore (*Thunnus alalunga*), frozen-fresh tuna, albacore, bigeye (*Thunnus obesus*), skipjack (*Katsuwonus pelamis*) and yellowfin (*Thunnus albacares*). The highest values found here is in canned tuna samples containing bigeye tuna, specie that made roughly 16 % of total catches in the same period. In a recent study, [@bib37] in the central and western Pacific reported that bigeye had higher Hg content than in yellowfin and albacore, even sometimes above acceptable consuming limit. Also, [@bib21] informed that Pacific bluefin tuna (*Thunnus orientalis*) from the western Pacific has higher levels of Hg that their counterpart from the North-eastern Pacific. Similarly, [@bib61] have reported that skipjack tuna from the eastern Pacific is within the norms for safe consumption regarding Hg and As concentrations.

Fatty acids have been found to correlate with Hg content ([@bib64]; [@bib74]) thus less fat content implies less accumulation of these metals. In 2004, Burger and Gochfeld, documented also, that samples containing albacore presented higher the concentration of Hg (mean 0.407 mg kg^−1^) than those with skipjack (0.118 mg kg^−1^). The uppermost and lowermost concentrations (from [@bib32]) were for the bigeye and skipjack tunas respectively, which in turn have the highest and lowest fat content; [@bib46] have reported a percentage of fat content of 2.06 ± 0.57 and 0.41 ± 0.56 (mg kg^−1^) respectively.

Very few values over the permissible limit were found. In 2009 no samples out of 509 tested; in 2010, 9 of 759 tested; in 2011, 3 of 562 tested; in 2012, none of 377 tested; in 2013, 1 of 377 tested; in 2014, 2 of 294 tested; and in 2015--2016, no cases from 463 samples tested. Mercury, Lead and Cadmium cases over permissible limits accounted for 0.04, 0.08, and 0.47 % respectively and the total cases: 0.58% of 2572 samples. Of the 15 instances over permissible levels, twelve corresponded to Cd, two to Pb and one to Hg. The sample with 1.49 mg\[Hg\] kg^−1^ occurred in 2010; the can contained bigeye tuna in oil. The lead was over limit with 0.92 and 0.89 mg\[Pb\] kg^−1^ in the same year, the cans also contained bigeye pre-cooked loins. Cadmium over-limits occurred eleven times in cans with skipjack and one in big-eye pre-cooked loins. Eight of the 15 values were statistically determined as outliers; i.e., Mercury (1), Cadmium (4) and Lead (3). [@bib34] has reported issues in some canned and fresh tuna samples with cadmium content in fresh tuna, but their sample universe was only 36 samples. When higher than standard limits are detected the INP labs proceed as referred in Material and methods section. In general, the total of cases above safe consumption limit can be considered very low comparing to others works (e.g., [@bib39]; [@bib67]; [@bib62]; [@bib6]). It was also found that concentrations of Hg, Cd, and Pb were not associated with the liquid of the cans (water, oil), similar results are reported by [@bib15].

In relation to the few samples with above limit Cadmium that were detected on skipjack products; it has recently been reported: 1) diet of the tuna is a driving factor on the type of element accumulation ([@bib37]), 2) Skipjack is merely an epipelagic species like Yellowfin, which has been found to feed on small fish, squids, phytoplankton, etc. ([@bib24]), 3) Phytoplankton up take Cadmium is similar to phosphate ([@bib49]), and 4) Cadmium has a nutrient like vertical distribution that resembles much the dissolved organic/inorganic phosphate ([@bib54]; [@bib25]) and correlate linearly with a high r^2^. It could be deemed that these facts could explain the few cases found, which only represent 0.47 % of the samples.

Assuming that Cd and Pb as well as Hg bio-accumulate at unknown rates, because 1) they would depend on many factors such as ingestion/assimilation/egestion processes apart from environmental, size, species, etc.; and, 2) knowing that these metals have no essential role on the living organisms ([@bib27]; [@bib60]), statistical correlations were examined, taking Hg as the independent variable and Pb and Cd as dependent ones. This exercise failed to give a reasonable insight, although only in 2010 a linear correlation was found with a r^2^ of 0.128 (p \< 0.003) with a linear regression: Pb (mg kg^−1^) = 0.424 Hg (mg kg^−1^) + 0.0062. Similar results occurred with Hg--Cd in the whole period. These results would confirm that the uptake and fixation of these metals in tuna fish are independent or unrelated to each other due to biological processes (through the trophic chain), tuna internal physiological processes, availability and speciation of metals in the water column, etc. Similar results have been reported on this in the reviewed literature.

It has been found that Hg content (and probably Cd, Pb, etc.) depend not only on the species, size, fat content, etc. but also on the water column where they live ([@bib36]). Recently, [@bib37] have demonstrated that even though the fish size is the main explanation or reason for Hg content, oceanographic conditions like thermocline depth is an important fact that contributes, while the trophic level is of minor influence as well as the oceanic primary activity. There are vast differences between thermoclines depths between not only oceans but regions of them; for example, the thermocline depth of the Western Pacific Ocean is somewhere between 150--200 m, while the eastern Pacific it is 30--75 m deep depending on the season and regional phenomena like El Niño or rapid surface warming in the so-called area 1 + 2 that ranges from 0--10S to 90--100W ([@bib55]; [@bib45]).

Around 44 % (2009--2016) of tuna captured in the eastern Pacific Ocean is skipjack ([@bib56]; [@bib38]), particularly along the equatorial line (outside of marine reserves) that roughly covers from 80--150W, 10N--20S ([Figure 3](#fig3){ref-type="fig"}). In this area the biogeochemistry de Hg, Cd and Pb has not been determined yet, however, concentrations of some ocean regions can be found in the literature. For example, [@bib36] reported dissolved total Hg of 0.006--0.018 with an average of 0.14 ± 0.06 ng kg^−1^ in the North Pacific; also, [@bib9] reported a higher range of 0.1--0.5 ng\[Hg\] kg^−1^ for the North-eastern (Sequin Bay, USA). One of the earliest works established a range concentration of 3--5 ng kg^−1^ and a media value of 5.3 ng kg^−1^ in Bering sea, North and South Pacific, Japan, South China and the Indian Ocean. Slightly higher concentrations were reported on the surface, as Hg main source is via aeolian dust, according to [@bib52]; they reported 2--7 ng kg^−1^ for the equatorial line of the Pacific. [@bib33] have registered dissolved Pb concentrations in the Central Pacific from 2.5 (20 South) to 11 (14 North) ng kg^−1^. More recently [@bib13] reported 1.66--4.56 ng\[Pb\] kg^−1^ (8--20 pM\[Pb\]) from east to west along 12S latitude. [@bib1] found Cadmium concentrations in the equatorial Pacific (160 W) surface water (0--150 m), ranged from 0.055 to 0.165 nM\[Cd\] (6--18 ng kg^−1^). Thus, the three dissolved metals are in the range of 2--18 ng kg^−1^, these concentrations are from open sea where anthropogenic sources perhaps do not play a strong role on them. However, higher concentration could be expected close to coastal areas anthropogenic Hg, Cd, and Pb are introduced to sea either by aeolian dust ([@bib53]), riverine water (through estuaries) and coastal erosion ([@bib68]). Tuna habitat is generally open ocean; though sometimes important captures are reported close to coasts or islands.Figure 3Distribution of tuna catching sets in the eastern Pacific from 2013 to 2017. Fishing sets DEL: Dolphin, NOA: Non-associate objects, OBJ: Floating aggregating devices, t: metric tonnes. Original graph from [@bib38]. "Promedio" means average.Figure 3

It has also been reported that background environmental concentration and bioavailability of Hg have biological (absorption/uptake) processes that are not well known and understood, and probably these processes are not only depending on the Hg concentrations ([@bib36]) but also on microbiological ([@bib44]), chemical and physical oceanographic conditions too, like the depth of the Dissolved Oxygen Minimum (DOM). [@bib43] reported that geographical origin of the tuna rendered important Hg variations and suggested long-term monitoring. Recently, [@bib43] and [@bib37] are reporting a dependency on the depth of thermocline (that affects the depth of the DOM); and not only that but also the depth of the main fish habitat; for example, mesopelagic fish (living deeper \>300 m) tend to have up to 4 times higher Hg than the epipelagic fish (\<200 m deep). Further, [@bib21] using extensive archival tagging, bioaccumulation models, trophic investigations, and potential coastal sources of methylmercury, found that Hg bioaccumulation is likely higher in the western Pacific Ocean (East China Sea, Yellow Sea) than in the eastern (California Current).

Skipjack is an epipelagic species, whilst bigeye is mainly a mesopelagic fish (although it is facultative). Perhaps, for this reason, the latter generally tends to contain more Hg than skipjack. Also, the bigeye tuna tends to live around the thermocline bottom where the DOM and higher methyl-mercury is found (e.g. [@bib10]). Around the DOM microbial community increase in both activity and volume and transform Hg into methyl Hg ([@bib44]). There has also been suggested possible bio-magnification from 2 to 6 times ([@bib58]) from the lowest trophic level to the third-fourth level. Nonetheless, [@bib75]) said that Pb, Cd and Se environmental concentration did not replicate in some marine birds or even the waters are similar or higher than those in fauna specimens ([@bib42]). Assuming the worst bioaccumulation scenario (6 times), tuna from the eastern Pacific could perhaps bio-accumulate: 0.012--0.042; 0.036--0.108 and 0.010--0.027 μg kg^−1^ of Hg, Cd and Pb respectively, which are one order lower than current concentrations found in this work and others mentioned here.

4. Conclusions {#sec4}
==============

Low levels of mercury, lead, and cadmium were found in tuna canned products (2572 samples), which were processed in Ecuadorian canneries. The sampling covered a period for 8 years (2009--2016) and 2572 samples. Mercury showed consistently to have the highest levels and its averages where in the range of 0.14 (2016) to 0.30 (2009) mg kg^−1^, followed by lead with 0.038 (2012) to 0.093 (2014) mg kg^−1^ and cadmium: 0.021 (2012) -- 0.044 (2014) mg kg^−1^. These levels are well below maximum allowed concentrations and those of the reported literature. Samples taken in 2018 from local vendors rendered concentrations of Hg: 0.043 ± 0.004 mg/kg; Cd: 0.012 ± 0.002 mg/kg and Pb \< dl (0.01 mg/kg). These values are 5.75, 2.6 and 5.8 times below the average of the archival data, and again much less than allowable concentrations. The sequence of concentrations was Hg \> Pb \> Cd. During the studied period, a clear concentration pattern over time was not found. A slight decreasing concentration pattern was observed, particularly with Hg. It was found that skipjack tuna products tend to have Hg lower values than those from bigeye and yelowfin. The decreased of Hg concentration in time could plausible be ascribed to the fact that skipjack processed volume increased constantly during this period. This tuna species is mainly used by canneries, because availability and also because it is easier to can it. This species is epipelagic of short life span and its living habitat is basically the mixed layer (above the thermocline) where the methyl Hg is lower than below the thermocline depth. Overall, 15 (0.58%) samples of 2572 were found to have the metals above safe consumption. No important statistical correlation between Hg and Cd or Pb was found; this would suggest that the bioaccumulation of each metal is independent of each other. According to literature research, concentrations range found in the eastern Pacific for surface dissolved Hg, Cd, and Pb are in the range of 2--18 ng kg^−1^. Assuming a suggested bioaccumulation of 2--6 times, the end concentration in the tuna would be 0.012--0.042; 0.036--0.108 and 0.010--0.027 μg kg^−1^ of Hg, Cd, and Pb respectively; i.e., which are up to one order lower than safe limits. However, further studies should assess metal concentrations exclusively from Ecuadorian tuna captured close to coastal and insular (Galapagos Islands) allowed fishing areas, as [@bib43] has reported long term and wider geographical sampling is needed to have a region-specific data and information. It would be an important input to this kind of studies to add the spatial component; thus, to locate possible areas close or around to the Ecuadorian EEZ area, vertical habitats and bottom of the thermocline where Methyl-Hg is produced. Ideally, it would be recommendable to analyse the impact of brine (20--25%) used to freeze tuna fish in the fishing boats, when under certain conditions the first steps of freezing on board are deficient. It has been found that when this happens salts permeates through the skin and increases notably salt content of the loins. The hyper concentrated sea salt also could contain these metals.
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